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Abstract
An ultra-high-energy cosmic ray (UHECR) colliding with the Earth’s atmosphere gives rise to an Extensive Air Shower
(EAS). Due to different charge separation mechanisms within the thin shower front coherent electromagnetic radiation
will be emitted within the radio frequency range. A small deviation of the index of refraction from unity will give rise to
Cherenkov radiation up to distances of 100 meters from the shower core and therefore has to be included in a complete
description of the radio emission from an EAS. Interference between the different radiation mechanisms, in combination
with different polarization behavior will reflect in a lateral distribution function (LDF) depending on the orientation of
the observer and a non-trivial fall-off of the radio signal as function of distance to the shower core.
Keywords: Radio detection, Air showers, Cosmic rays, Geo-magnetic, Coherent radio emission
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1. Introduction
Recent results to detect radio emission from UHECR
induced particle cascades at the LOPES [1, 2] and CO-
DALEMA [3, 4] experiments triggered plans to install a
large array of radio antenna’s at the Pierre Auger Obser-
vatory [5, 6, 7]. Both experiments clearly indicate that
the main emission mechanism is induced by the deflec-
tion of charged particles in the Earth magnetic field. The
emission process can be described in a microscopic ap-
proach as done in for example [8], where the field is calcu-
lated from the track of a single particle and a summation
is done over all particles. A different approach is given
by a macroscopic description where the coherent emis-
sion from induced macroscopic currents and charges in the
shower front is calculated. This idea is investigated since
the earliest days of radio detection from EAS [9, 10, 11,
12]. Recently this approach is implemented using realistic
shower profiles by the Macroscopic Geo-Magnetic Radi-
ation (MGMR) [13, 14, 15] model. Recent results from
comparison between the MGMR and REAS3 [16] simula-
tions for the first time showed good agreement between
two completely different models [17].
Due to the interest in detecting radio emission from
cosmic ray induced particle cascades on a large scale at
the Pierre Auger Observatory [5], it is of importance to
understand the underlying emission mechanisms and their
lateral behavior. In [15] the two most important emission
mechanisms, geomagnetic radiation and radiation due to a
net negative charge-excess in the shower front also known
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as the Askaryan effect, are discussed. It follows that the
LDF depends strongly on the geometry considered and
one has to take into account the observer angle depen-
dency. In section Section 2 we will give a short review of
the MGMR model and the different radio emission mech-
anisms. Interference effects and polarization patterns for
the different mechanisms will be discussed in Section 3.
The consequences of these effects for the LDF will be dis-
cussed in Section 4. Finally the effect due to the small
deviation of the index of refraction from unity leading to
Cherenkov radiation will be discussed in Section 5.
2. The model
The MGMR model describes the emission due to the
variation of a net macroscopic current in the shower front.
This current, as follows from Monte-Carlo simulations, can
be described using three macroscopic distributions. The
total number of particles in the thin shower front at a fixed
negative emission time (t′ < 0), ft(t
′). The longitudinal
distribution of particles in the shower front, fp(h), where h
is the distance in meters behind the imaginary shower front
traveling with the speed of light toward the surface of the
Earth, and the lateral distribution of particles within the
shower front which is neglected at the moment. It follows
that the pulse shape and height contain direct information
about these macroscopic distributions [18].
The shower front will be located at a height z = −βt′,
defined in such a way that t′ = 0 when the shower hits the
surface of the Earth. Hence the total number of particles
corresponding to the negative emission time t′ at a height
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z = −βt′ + h is given by,
N(z, t′) = Neft(t
′) fp(h) , (1)
where Ne is the total number of particles in the shower at
the shower maximum. The induced current in the pancake
is now given by,
jµ(x, y, z, t′) = vµ q eN(z, t′)δ(x)δ(y) , (2)
where q is the charge of the particles considered, vµ the
four-velocity, and the δ(x)δ(y) term takes care of the lat-
eral distribution of the particles in the shower front, hence
all particles are projected along the shower axis.
The electric field is now obtained through the Lie´nard
Wiechert potentials from classical electrodynamics [19],
Aµ(~x, t) =
jµ(~x, t′)
D
|t′=tr , (3)
to be evaluated at the retarded time t′ = tr given by,
ctr =
ct− n2βsh− nD
(1− n2β2s )
. (4)
Here n is the index of refraction of air, t is the observer
time, and D is the retarded distance given by,
D =
√
(−cβst+ h)2 + (1− n2β2s )d
2 . (5)
The electric field is now obtained through the standard
relation,
~E(~x, t) = −
d
d~x
A0(~x, t)−
d
d(ct)
~A(~x, t) (6)
3. Polarization and Interference
In [13], and [14] several different emission mechanisms
are discussed. We will focus on the three strongest con-
tributions. The geomagnetic emission mechanism due to
the deflection of electrons and positrons in the Earth mag-
netic field, gives rise to a net current in the direction of
the Lorentz force acting on these particles. A secondary
moving dipole contribution due to the geomagnetic charge
separation inside the shower front, and the emission due
to a net charge-excess in the shower, also known as the
Askaryan effect [20].
We study the ground polarization pattern for a perpen-
dicular incoming air shower with the magnetic field point-
ing to the North. Since for the geomagnetic contribution
an equal amount of electrons and positrons is assumed,
only the vector potential in the direction of the induced
drift velocity survives since the electrons and positrons
are deflected in opposite directions in the Earth magnetic
field. From Eq. (6) it follows immediately that the signal
is, independent of observer position, fully polarized in the
nˆ = −~eβ ×~eB direction, where eβ is the unit vector point-
ing along the shower axis, and eB the unit magnetic field
vector Fig. 1 (top).
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Figure 1: The polarization in the xy-plane seen by an
observer at different observer positions w.r.t. the impact
point of the shower for the geomagnetic contribution (top),
and the charge-excess contribution (bottom).
The zero’th component due to the net charge-excess in
the shower front gives rise to a radial polarization pattern
shown in Fig. 1 (bottom) [14, 21]. The xy-polarization
pattern, projected on the ground plane, for the moving
dipole contribution is given by a typical dipole pattern. A
direct consequence of the different polarization patterns is
different interference behavior as function of observer posi-
tion. In the case that the geomagnetic and moving dipole
2
polarization are pointing to the East, an observer placed
West from the shower core will see constructive interfer-
ence between the charge-excess and geomagnetic compo-
nent in the East-West polarization and see nothing in the
North-South polarization. When the observer is placed to
the North of the shower core, the geomagnetic field will
still be seen in the East-West polarization, whereas the
charge-excess field is pointing in the North-South direction
and no interference will take place. An observer placed to
the East of the shower core will again see no field in the
North-South polarization, nevertheless the charge-excess
and geomagnetic components on this side of the shower
core will interfere destructively. These interference effects
as function of observer position can give a great tool to dis-
entangle and study the different emission mechanisms [22].
4. Radial dependence of the radio signal
As discussed in the previous section, the interference
between different contributions is strongly observer posi-
tion dependent. As a direct consequence one has to be ex-
tremely careful in determining an LDF [23]. For different
observer positions constructive or destructive interference
can take place and the field strength will, depending on
the geometry, have strong fluctuations.
In Fig. 2 the LDF for the three different contributions
is shown for the maximum of the unfiltered electric field
strength. It can be seen that the LDF’s for the geomag-
netic contribution and the dipole contribution follow each
other, whereas the LDF for the charge-excess contribution
is less steep and at distances larger than approximately
500 m, the charge-excess contribution becomes the leading
contribution. The LDF at a fixed observer angle leading
to destructive interference between the three contributions
is also shown in this plot. It follows that even for a fixed
observer angle one has to be extremely careful since the
LDF falls off less steep for larger distances than the dis-
tance where maximum destructive interference occurs.
5. Cherenkov radiation in EAS.
Since the index of refraction in air slightly deviates
from unity O(10−4), even-though this deviation is small,
Cherenkov effects can occur due to extremely high-energetic
particles in the shower front. Mathematically, the retarded
distance defined in Eq. (5) can become zero leading to a
singularity in the vector potential. In general, this will oc-
cur for the contribution to the current at a critical distance
h = hc behind the shower front. From Eq. (5) a simple
expression for this critical distance can be derived.
hc = βct+
√
n2β2 − 1 d, (7)
It follows that if the distance d of the observer from the
shower axis increases, hc increases in such a way that the
angle between the shower axis and the vector pointing from
the emission point to the observer, the Cherenkov angle,
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Figure 2: The LDF for the maximum of the unfiltered elec-
tric field strength for the three different emission mecha-
nisms, the geomagnetic emission, dipole emission and the
emission due to a net charge-excess in the shower also
known as the Askaryan effect. The LDF for destructive in-
terference of the charge-excess radiation and geomagnetic
radiation illustrates that one has to be extremely careful
by determining a LDF.
stays constant. Another way to visualize this is to look
at the retarded shower time as a function of the observer
time. This plot is shown in Fig. 3 for the cases of n = 1 and
n = 1.0003, and n = n(z) where the index of refraction is
modeled to depend on the shower height. For n = 1, the
signal which is emitted at large negative retarded shower
times tr, corresponding to large heights z = −βtr + h,
will travel along with the same speed as the shower and
arrive at the antenna approximately at the same time of
the shower hitting the ground, whereas a signal emitted at
later stages has to cover the larger lateral distance toward
the antenna and arrives at later times. For a fixed observer
time t, an infinitesimal part of the shower will contribute
to the observed signal leading to a finite contribution to
the electric field. For the n = 1.0003 case however, the sig-
nal emitted at large negative retarded shower times travels
slightly slower than the shower itself, hence there will be an
optimal height from where the signal reaches the antenna
first, and as can be seen from Fig. 3, since the derivative
of the negative shower time diverges at this point, a finite
part of the shower will contribute to this signal giving it a
’boost’ which is seen as Cherenkov radiation. This ’boost’
will not only be seen from what is normally considered as
Cherenkov radiation, the radiation from a net charge mov-
ing faster than the speed of light in the medium. Even if
there would be no net charge inside the shower front, which
in our case would correspond to geomagnetic radiation, the
sideward induced current still moves faster than the speed
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Figure 3: The negative emission time −t′ as function of
the observer time t for three different values of the index
of refraction.
of light in the medium, and hence the electric field due to
geomagnetic radiation gets ’boosted’.
To see the importance of this effect, one needs to know
the typical ground distance where one still observes Cherenkov
radiation. From Monte-Carlo simulations it follows that
most of the particles are located close to the shower front,
hence h = 0. From Eq. (5) and Eq. (4), an expression can
be found for the observer distance where the Cherenkov
emission is observed as function of emission height,
dc =
√
n2β2 − 1 zc. (8)
In the realistic case where the shower reaches its maxi-
mum at 4 km height this critical distance becomes dc ≈
100 m. This means that already at intermediate distances
Cherenkov emission cannot be ignored and has to be in-
cluded into realistic electric field calculations.
6. Summary and Conclusions
There are several emission mechanisms that give rise to
radio emission from EAS. We discussed the three largest
contributions, the geomagnetic contribution, the contribu-
tion due to a net charge-excess in the shower front, and the
contribution due to moving dipole. It follows that all three
contributions show different polarization patterns as func-
tion of observer position, giving an excellent tool to dis-
tinguish between the different emission mechanisms. The
interference effects also have important consequences for
the LDF, since constructive and destructive interference at
different observer positions lead different field strengths.
A first introduction to Cherenkov radiation from EAS is
given, where it is shown that although the index of refrac-
tion deviates only slightly from unity, Cherenkov emission
will be seen at intermediate distances from the shower core
and cannot be neglected. It is discussed that this emission
will not only come from a net charge moving faster than
the speed of light in the medium. In the case of geomag-
netic radiation there will be an induced current which itself
travels faster than the speed of light in the medium also
giving rise to Cherenkov effects.
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